This article considers an extension of the exponentiated Chen distribution based on the quadratic rank transmutation map technique. Some structural properties of the transmuted exponentiated Chen distribution are discussed. The estimation procedure is performed using the method of maximum likelihood. Finally, the flexibility of the new distribution is illustrated using strengths of glass fibres data and nicotine in cigarettes data.
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where α > 0 is the scale parameter, and β > 0 and θ > 0 are the shape parameters of the exponentiated Chen distribution. The corresponding probability density function (pdf) is f(x) = αβθx β−1 exp x β + α 1 − e x β 1 − exp α 1 − e
For more flexibility, Shaw et al. [10] developed the quadratic rank transmutation map technique, which is a method for adding a new parameter to the baseline distribution. Using this approach, we introduce the four-parameter transmuted exponentiated Chen (tec) distribution which provides flexibility in modelling lifetime data, such as in reliability engineering, biomedical sciences, and for life testing components or process. The transmuting approach provides a rich family of increasing and decreasing bathtub shaped hazard functions. Section 2 presents the analytical shapes of the probability density and hazard functions of the tec distribution. Section 3 considers some structural properties, such as moments and probability weighted moments. When using the transmutation technique, a random variable X is said to have a transmuted distribution if its cdf is
and its pdf is
where λ is the transmuted parameter, and G(x) is the cdf of the base distribution which has pdf g(x). At λ = 0 , F(x) reduces to G(x).
Various different distributions have been used to develop the transmuted distribution. Aryal and Tsokos [1] studied the transmuted Weibull distribution to analyse reliability data. More recently, Khan et al. [7] proposed the transmuted Chen distribution and investigated various structural properties and their applications. Khan et al. [4, 5, 6] proposed the transmuted modified Weibull distribution and the transmuted inverse Weibull distribution, and studied some applications. Merovci [8] proposed and studied the transmuted
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Rayleigh distribution, among several other distributions, using the quadratic rank transmutation map technique. For the tec, Section 4 discusses maximum likelihood estimates (mle) of the unknown parameters while Section 5 presents results of our simulation study. Applications to real data sets are illustrated in Section 6.
Transmuted exponentiated Chen distribution
A random variable X has the tec distribution, defined through the quadratic rank transmutation map technique [10] , with parameters α, β, θ > 0 and |λ| 1 , and pdf
The cdf corresponding to (5) is
The parameter α controls the scale of the distribution, whereas the parameters β and θ control its shape. The parameter λ is the transmuting parameter which offers additional flexibility in the tec distribution. We obtain the baseline model when the transmuting parameter λ = 0. For θ = 1 the tec distribution reduces to the transmuted Chen distribution proposed by Khan et al. [7] . The Chen distribution [2] is a special sub-model of equation (5) for θ = 1 and λ = 0. If X is a random variable with density function (5), then we describe this random variable as X ∼ tec(x; α, β, θ, λ) .
C272
Figures 1 and 2 plot the tec distribution for some selected parameters and suggest that the additional parameter λ provides extra flexibility in the new extended model.
The reliability and hazard functions of the tec distribution are, respectively,
The qth quantile F(x q ) of the tec random variable is defined by
Statistical properties
This section presents the kth moment and the probability weighted moments, and also discusses important features of the tec distribution.
Theorem 1.
If X has the distribution tec(x; α, β, θ, λ) with |λ| 1, then the kth moment of X iś
where 
The kth moment of the tec distribution iś
The above expression expands tó
Hence, it follows that
The important features and characteristics of the tec distribution are studied through moments. The central moment and the cumulants are, respectively, 
, and so on. Some moments and other important features of the tec distribution are displayed in Tables 1 and 2 .
Theorem 2. If X has the distribution tec(x; α, β, θ, λ) with |λ| 1, then the probability weighted moment ( pwm) is where
Proof: The pwm of the tec distribution is
From the above integral, the expansion of the cdf in terms of an infinite weighted sum is
Finally, we obtain
♠
The pwms are useful for finding the L-moments estimators, have less variation and bias compared to the conventional estimator, and are also convenient for the moments of order statistics.
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Parameter estimation
Consider the random samples x 1 , x 2 ,. . .,x n consisting of n observations from the tec distribution. Then the log-likelihood function (Θ)=log L of (5) is (Θ) = n log α + n log β + n log θ
By differentiating (13) with respect to α, β, θ and λ, and then equating this derivative to zero, we obtain the components of score vector U(Θ): 
The asymptotic variance covariance matrix of mle for the parameter vector Θ = (α, β, θ, λ) is the multivariate normal with the variance covariance matrix and its inverse of the expected information matrix is
where K(Θ) −1 is the variance covariance matrix of the unknown parameters for the vector Θ = (α, β, θ, λ) . The multivariate normal distribution is used to obtain approximate 100(1 − γ)% confidence intervals for the parameters α, β, θ and λ, determined as, respectively,
where Z γ 2 is the upper γth percentile of the standard normal distribution.
Simulation
In this section we evaluate the performance of mle using simulations for the four parameters of the tec distribution. Using (10), we generate samples from the tec distribution of different sizes n = 50, 100, 200, 400, 800 for a fixed choice of the parameters α = 2 , β = 3 , θ = 1 and λ = 0.5 . We fit the tec distribution for these samples using mle. Table 3 shows the estimated values of the parameters α, β, θ, λ with their corresponding standard error, bias and mean square error. Table 3 shows that the simulated results are quite promising with respect to the sample sizes.
Applications
This section provides two data analyses in order to assess the goodness-of-fit of the proposed model.
Strengths of glass fibres data
The first application that we consider in this study relates to the strengths of glass fibres. The data set was obtained from Smith and Naylor [9] and represents the strengths of 1.5 cm glass fibres, measured at the National C282 We fitted the tec, generalized power Weibull (gpw), exponentiated Weibull (ew), and exponentiated Chen (ec) distributions with mle. The required numerical evaluations are implemented using R language. The mle and the values of maximized log-likelihoods for the four distributions are shown in Table 4 . This table gives the mle of the unknown parameters (with their standard errors) and the Kolmogorov-Smirnov, Cramer-von Mises and Anderson-Darling goodness-of-fit statistics.
The goodness-of-fit measures in the last three columns of Table 4 indicate that the tec distribution provides the best fit of the four tested distributions. 
Nicotine in cigarettes data
The second application is the nicotine content in cigarettes of several brands with n = 396 observations. The Federal Trade Commission [11] provided data sets and information about the source of data, smoker behaviour and beliefs about nicotine, tar and carbon monoxide contents in cigarettes. We examine the accuracy of the tec distribution for modelling the nicotine in cigarettes data. To see the full flexibility of the proposed model, we fit C285 Table 5 displays the mle and the corresponding standard errors of the parameters, as well as the Kolmogorov-Smirnov, Cramer-von Mises and the Anderson-Darling goodness-of-fit statistics for the four distributions. Comparing the four fitted lifetime distributions, the preferred model based on these goodness-of-fit measures is the tec distribution. The lower values of the Kolmogorov-Smirnov, Cramer-von Mises and Anderson-Darling goodness-offit statistics indicate that the tec distribution could be chosen as the best model for the nicotine in cigarettes data.
To assess whether the tec distribution is an appropriate model, Figure 4 (top left) plots the histogram of the nicotine in cigarettes with the fitted tec density function. Furthermore, Figure 4 also plots the empirical and estimated survival function (top right), pp-plot (bottom left) and estimated hazard rate function for the tec distribution (bottom right). All these plotss suggest that the tec distribution provides a good fit for nicotine in cigarettes. Figure 5 shows the log-likelihood functions for the parameters of the tec distribution. The log-likelihood functions are fairly peaked and the maximum points are determined by the analytical second partial derivatives which are well approximated numerically. The log-likelihood functions suggest that all the parameters of the tec distribution have a single mode or maximum point. From these plots we conclude that the estimated results from the tec distribution are efficient.
Conclusion
We introduced a new distribution, the transmuted exponentiated Chen distribution and examined some of its statistical properties with application to survival data. We obtained the analytical shapes of the density and hazard functions. The tec distribution has increasing and decreasing hazard function for the lifetime data. We conclude that the transmuting parameter λ provides more flexibility in the tec distribution for fitting the strengths of glass fibres data and the nicotine in cigarettes data. In conclusion, the tec distribution could be chosen as the best model for fitting survival data. 
